Introduction
[2] Continental extension is a major plate tectonics process occurring in a variety of tectonic settings including late to post-orogenic collapse, back-arc spreading or rifting [Ruppel, 1995] . Cratonic nuclei, representing stiff rheological heterogeneities within a continental plate, often induce stress concentration and strain localization at their boundaries [Tommasi and Vauchez, 2001 ], but internally remain stable over very long geological periods. However, multiple lines of evidence including geological, geochemical and geophysical observations, have suggested that the thick lithosphere of the Archean North China craton (NCC) was reactivated and rifted during the period from the Late Mesozoic to Cenozoic [Fan and Menzies, 1992; Menzies et al., 1993; Wu et al., 2008, and references therein] . The unusual reactivation of the NCC thus challenges the classical views concerning the strength and stability of cratonic lithosphere.
[3] The NCC is traditionally considered the Chinese part of the Sino-Korean craton, which contains some of the oldest known continental rocks, some as old as 3.8 Ga [Liu et al., 1992] (Figure 1 ). It is proposed that the NCC formed in Paleoproterozoic by the amalgamation of two Archean blocks, the Eastern and Western Blocks (EB and WB), along the Central Block (CB) [e.g., Zhao et al., 2001; Faure et al., 2007] . Previous P-to-S receiver function [Ai and Zheng, 2003; Chen et al., 2006; Chen and Ai, 2009; Zhu and Zheng, 2009] and tomography studies [Lebedev and Nolet, 2003; Huang and Zhao, 2006; Li et al., 2006; Zhao et al., 2007; Sun et al., 2008; Tian et al., 2009] argue for a cold mantle transition zone beneath the EB and propose that the subducted slab of the Pacific Plate has reached and stagnated atop the 660-km discontinuity. At the same time, beneath the EB, the large amount of volcanism and high heat flow values reaching 65 mW/m 2 [Hu et al., 2000 ] favor a warm and reactivating upper mantle. In order to explain both observations, both horizontal convection and vertical ascension models have been proposed [Yuan, 1996; Wu et al., 2008, and references therein] . The geodynamic mechanism and depth extent of this NCC reactivation remain controversial. While there is a growing consensus that lithospheric rifting has occurred in the EB and extended to the CB [Xu et al., 2004; Zhao et al., 2008] , evidence for the vertical and horizontal distribution of lithospheric reactivation still remains unclear.
[4] High-resolution velocity structure plays an important role to understanding the thermal structure and geodynamic processes within and around the craton. Previous tomographic studies are either only P-wave velocity models [Tian et al., 2009; Xu and Zhao, 2009] , or on a continental scale with sparse sampling coverage in the NCC [e.g., Lebedev and Nolet, 2003; Huang and Zhao, 2006; Li et al., 2006; Zhao et al., 2007; Sun et al., 2008] . This study is the first to provide high-resolution imaging of both P-and S-wave velocities in an effort to understand the process of reactivation of an Archean craton.
Data and Methodology
[5] The data used in this study were mainly from the North China Interior Structure Project (NCISP). The NCISP consists of five temporary linear sub-array operated from December 2000 to May 2008 (Figure 1 ). Mostly equipped with Güralp CMG-3ESP or 3T sensors (50 Hz to 30 s, 60 s or 120 s) and REFTEK-72A or 130 data loggers. Each array was deployed for 1 -1.5 years (Table S1 of the auxiliary material). 4 In addition, four permanent stations BJT, ENH, SSE and XAN (IRIS/IC) were used as a backbone to tie together the data from the portable stations that did not overlap temporally [e.g., Yuan and Dueker, 2005] .
[6] Events with epicentral distance !30°were selected. A multi-channel cross-correlation technique [Vandecar and Crosson, 1990 ] was used to measure differential travel times of P and S waves in four frequency bands: 0.02 -0.1 Hz, 0.1-0.8 Hz, 0.4-0.8 Hz and 0.8-2.0 Hz. For P phases the 0.4 -0.8 Hz band has the best signal-to-noise ratio and contributes 21,853 relative travel-time residuals, which are used in the following imaging. For S waves, 13,619 S phases are selected from 0.02-0.1 Hz band, other bands were dominated by noise. The average standard deviation from cross-correlation is 0.005 sec for P and 0.015 sec for S. The average cross-correlation coefficient is 0.94 for P and 0.93 for S.
[7] The tomographic model space is $ 2300 km Â 2300 km Â 2500 km in the east-west, north-south and depth directions respectively, and was centered at (112°E, 37°N). This space was parameterized with nodes on a $35 km Â 35 km Â 39 km grid. The P-and S-wave dataset were used to construct matrices based on both ray theoretical [e.g., Allen et al., 2002] and finite-frequency kernel formulation Hung et al., 2000] . The LSQR algorithm [Paige and Saunders, 1982] was then used to invert the matrix. The damping parameters were determined empirically based on the trade-off between model norm and variance reduction of data. The models discussed in this paper were constructed using damping parameters that yield a variance reduction of $80% for P wave and $ 65% for S wave. The advantage of using a simple (1D) background model is that no a priori assumptions about the velocity perturbation are made [Lebedev and Nolet, 2003] . To account for any baseline shift between the relative travel-time sets for different events, event corrections were included in the inversion as a set of free parameters as were station correction to accommodate velocity anomalies directly beneath each station [e.g., Allen et al., 2002] .
P-and S-Wave Velocity Models and Resolution Tests
[8] Our results show that structures imaged by finitefrequency kernel methods (Figure 2 ) and ray-based methods ( Figure S1 ) are very similar except that the kernel-based models yield higher root-mean-square amplitude of P and S wave velocity perturbation as expected [Hung et al., 2004] . Here we focus our discussion on the kernel-based results. The first-order features of our models, for both P-and S-waves, include: (1) A north-south trending narrow lowvelocity region with dimension of $800 km north-south and 200-300 km east-west is located at the base of the CB lithosphere, and extends to more than 300 km depth. The northernmost and southernmost parts extend to more than 500 km depth (e.g., AA 0 profile in Figure 2 ). We note that the north-south continuity of this feature at shallow depths ($100 km) is assumed based on the continuity at greater depths. Continuous resolution at shallow depths is not possible between the two east-west lines. (2) A region of high-velocity extends to more than 250 -300 km depth beneath the WB, in contrast to the much shallower highvelocity zones beneath the CB and EB. The P-wave velocity model in this study is broadly consistent with that of Huang and Zhao [2006] and Tian et al. [2009] , except our image exhibits more short-wavelength variations.
[9] The dimensions of the interpreted features in our models are about 200 km or more. To test the ability of the dataset to resolve these structures and the robustness of the solution we conducted multiple resolution tests in which a synthetic 3D velocity model is used to generate synthetic traveltime delays with the same path coverage as the P-and S-wave observed dataset and then inverted to determine if the synthetic velocity structure can be recovered. For each experiment, 10%, 20%, and 30% Gaussian white noise were added in the synthetic relative traveltime residue respectively to represent the noise in the data. The same damping parameters were used in the inversions of the synthetic and observed data. Firstly we conduct checkerboard experiments with alternating high and low velocity anomalies of ±2% dlnVp and ±3% dlnVs with individual block $210 km Â 210 km Â 240 km and $315 km Â 315 km Â 350 km. The initial synthetic models are shown in Figure S2a -S2h and the recovered models in Figures 3a -3h . The tests show that the resolution is good down to 600 km depth for anomalies !200 km even for data with 30% noise in the regions with good sampling coverage. The second test is performed to test how well the dataset can resolve vertical and dipping velocity anomalies. This test uses a dipping low-velocity anomaly with a diameter of 300 km beneath the CB ( Figures S2, 3i, and 3k) , and a vertical cylindrical low velocity anomaly with a diameter of 160 km beneath the EB ( Figures S2, 3j, and 3l) . In both anomalies the input velocity perturbations are À2% dlnVp and À3% dlnVs. Inspection of the recovered images shows that the location and shape of the structures are well reconstructed and the downward Figure 3a . Grey rectangles give the outlines of input cylinder-shape low velocity anomalies. The input synthetic velocity models are shown in Figure S2 . smearing length is less than 50 km. The recovered velocity anomaly amplitudes are slightly reduced.
Interpretation and Discussion
[10] Our P-and S-wave velocity images (Figure 2 ) show evidence for a low velocity anomaly with its parts extending from beneath the base of CB lithosphere to at least 500 km. Most of the known Cenozoic rift systems and basalts (Figure 1 ) in the region are located above the imaged low velocity zones, including the Shanxi-Shanxi Rift System (SSRS) and the Hannuoba volcanism [e.g., Tang et al., 2006; Wu et al., 2008] . As velocity anomalies within the upper mantle are predominantly caused by temperature anomalies, and >1-1.5% P-wave low velocity anomaly corresponds to a high temperature perturbation exceeding $100 -200°C [e.g., Cammarano et al., 2003 ], the imaged low velocities suggest that warm mantle material may be responsible for the reactivation of the Archean NCC. Beneath the CB, the imaged low-velocity anomaly crosses the 410 km discontinuity and extends into the transition zone. This low velocity is aligned with a local $10 km thinned mantle transition zone relative to a global average imaged by P-to-S receiver functions [Chen and Ai, 2009; Zhu and Zheng, 2009] .
[11] Given that the imaged low-velocity anomaly extends into the transition zone it is unlikely that it is due to smallscale, and therefore shallow, convection processes that might be the result of extensional rifting of the craton. Instead, a deeper source for the low-velocities is required and this deeper source may be responsible for the break-up of the craton. The low-velocity clearly extends into the transition zone based on the presented velocity models, and may or may not continue into the lower mantle. One possible source of the low-velocity is a deep warm mantle plume. Geodynamical models suggest that buoyant upwellings take the form of cylindrical ''plumes'' rather than sheet-like upwellings. In the upper mantle any upwelling may be modified in geometry by the lithosphere that it impacts, the shape of the cratonic root in this case. Whether the source of the low-velocity is a ''plume'' or some other process cannot be answered with our study, additional geodynamic, petrological and geochemical efforts may be able to address this in the future.
[12] West of the low velocity anomaly, underlying the WB, a high velocity anomaly extends to >300 km depth. This is likely the cratonic keel of the WB that has apparently remained stable and deflected stress concentration and strain localization to its weaker lithospheric boundaries [e.g., Tommasi and Vauchez, 2001] .
[13] The geometry of the low-velocity in the upper mantle is modified by the craton geometry inherited from its long geological history of ca 3 Ga. The N -S trend of the low-velocity anomaly between the WB and EB possibly reflects the effect of thick craton lithosphere of the WB on the mantle flow pattern: the ascending mantle flow was deflected after encountering the base of lithosphere and followed a preferred path eroding along the pre-existing weaker lithospheric zone. The CB is a weak zone within the craton as it represents the boundary zone that experienced the stronger ductile deformation and partial melting during the Paleoproterozoic orogeny [e.g., Zhao et al., 2001; Faure et al., 2007; Trap et al., 2009] . Therefore, the CB possibly also behaved as a sublithospheric corridor [e.g., Duggen et al., 2009] for the ascending warm mantle flow resulting in rifting [Lin and Wang, 2006] and volcanisms [Tang et al., 2006; Wu et al., 2008] in the Cenozoic. Although tomography image is a snapshot of present earth, we speculate that the weak zones within the cratons possibly had played an important role during the Mesozoic reactivation of the NCC.
[14] The structure of the EB is less clear. The P-velocity model shows a thick high-velocity root, while the S-velocity model shows less of a cratonic root signal (Figure 2) . At the eastern margin of the NCC, beneath the Tanlu fault zones in the Luxi uplift (LXU) and the Bohai Bay (see Figure 1) , the high-velocity lithosphere is thinner than beneath the craton. P-to-S receiver function studies suggest that the depth of lithosphere-asthenosphere boundary is less than 100 km [Chen et al., 2006; Zheng et al., 2008] .
Conclusions
[15] Finite-frequency kernel based P-and S-wave velocity images show that a N-S trending low velocity anomaly extends from beneath the CB to at least 500 km. Highvelocity anomalies extend to more than 250-300 km depth beneath the WB, and to shallower depths beneath the CB and the EB. The imaged structure suggests that the presence of warm material with a source at least as deep as the transition zone is responsible for reactivation of the NCC. The pre-existing weak zone within the CB of the craton likely acted as a sublithospheric corridor for the warm mantle material.
